Background
Introduction
The overall goal of the present study was to analyze the blood flow regulation in coronary circulation. The proposed model includes the unique aspects in coronary circulation. Compressive forces were included in the modified wall tension model. Shear-dependent response was estimated by using the experiment date from coronary circulation. Capillary density and basal oxygen consumption were specified to corresponding to those in coronary circulation. Zero flow pressure (ZFP) was also modeled by using a simplified capillary model. The proposed model can be employed to simulate the regulation of coronary blood flow in physiological and pathophysiological conditions, in order to provide further understandings to improve diagnosis, planning and treatment of cardiovascular diseases.
Method

Ethics statement
This work is a simulation study and the ethical approval is not required.
Model overview
A theoretical coronary model was developed to investigate the flow regulation in the coronary vascular tree. It was based on the "representative segment model" proposed by Carlson et al. [15] . In their model, the vascular system was represented by 7 regions connected in series, each comprising a set of identical, parallel-arranged segments [15] . According to the amount of experimental data available, the original model was extended to include 11 segments (including four vasoactive segments: small arteries (SA), large arterioles (LAo), intermediate arterioles (IAo) and small arterioles (SAo)) in our coronary vascular tree model as shown in Fig 1. The upstream vessels and venous regions were assumed to have no vasoactive response and modeled as fixed resistances to blood flow. A simplified capillary model was employed to model the zero-flow pressure phenomenon.
Model for flow regulation
The vasoactive segments are assumed to regulate flow in response to myogenic, shear-dependent and metabolic stimuli [15] . For each segment, the total tension in a vessel wall (T total ) is assumed to consist of a passive component (T pass ) and an active component (T act ): where A represents the activation characterizing the level of vascular tone [12, 15] . The passive component is given by an exponential function of diameter and the maximal active tension is defined by a Gaussian function of diameter [15] :
where C pass , C' pass , C act , C' act , C" act are constants and D 0 represents the passive vessel diameter. Values for parameters describing vessel wall mechanics are obtained from the experimental observations and are given in Table 1 [12, 17] . Eqs 1-3 describe the total vessel wall tension based on the length-tension characteristics of vascular smooth muscle [12] . When equilibrium is approached, the amount of total vessel wall tension (Eq 1) would be equal to the vessel wall tension required to keep the vessel wall from rupturing. The target activation A total is given by a sigmoidal function that varies between 0 and 1:
where A total = 0 represents the absence of vascular tone and A total = 1 represents the maximal vasoconstriction. The level of VSM tone (S tone ) representing the net effect of the myogenic, metabolic and shear-dependent responses are defined as:
where T is the circumferential wall tension, S CR is the conducted response signal, S shear is the shear-dependent response signal, C myo , C meta and C" tone are constants [15] .
Modified model for myogenic response
In contrast to other vascular beds, extra forces (myocardial compressive forces) act on the coronary vascular beds [20] . Myocardial compressive forces are generated by the contraction and relaxation of the left ventricles and play an important role in determining the vessel wall tension. The amount of vessel wall tension (T) required to keep the vessel wall from rupturing is a product of the transmural pressure (P tra ) and the diameter (D) of the vessel [21] : The transmural pressure refers to the pressure across the vessel wall and defined as the internal pressure (P int ) minus the external pressure (P ext ) as illustrated in Fig 2. In most other vascular beds, the external pressure can be ignored due to the very low values and the transmural pressure equals to the internal pressure. However, in coronary vascular beds, the value of the external pressure is related to compressive forces and cannot be ignored. During systole, the compressive force increased much and inducing no-flow or retrograde flow; while during diastole, the compressive force decreased to near zero [22] . Though the compressive force changed rapidly during one cardiac cycle, rate of vascular smooth muscle activation change was much less. Thus, the compressive force was modeled as a steady-state force. In this work, effects of myocardial compressive forces were considered by replacing the internal pressure with the transmural pressure. The external pressure, which is generated due to the myocardial compressive forces, is assumed to be proportional to the perfusion pressure by the constant K. The parameter K was adjusted to give physiologically coronary "pressure-flow" relation.
Fitted model for shear-dependent response
In previous model, the shear-dependent response was assumed to be proportional to the wall shear stress [15] . However, experiment observation showed that the shear-dependent response would be much more complex [19] . The vessel "dilation-shear stress" relations for segmental coronary micro-vascular were measured in vitro by Kuo et al. [19] . In this work, data of Kuo et al. were used to estimate the shear-dependent response of four vasoactive segments. First, the shear-dependent response signals were recalculated from the original dilation response by using the gradient descent method. Then, the shear-dependent response signals were fitted by an exponential function of the shear stress:
where τ wall is wall shear stress, a and b are constant parameters. Values for parameters governing shear-dependent response signals were given in Table 2 . The resultant "dilation-shear stress" relations are consistent with the experiment data in vitro as shown in (Fig 3A) . But, shear stress sensitivity is different in vivo from that in vitro. Kuo et al. reported that values of Coronary Flow Regulation Model the shear stress at 2 to 4 dyn/cm 2 produced maximal vasodilation in isolated coronary arterioles [19] . This value was much smaller than those obtained in vivo [23] . The reasonable explanation could be that hemoglobin in blood (in vivo) scavenges NO, it may make the shear stress sensitivity become lower in vivo [23, 24] . Cornelissen et al. introduced an attenuation factor to fill the gaps between the observations in vitro and in vivo [16] . Here, a similar method was used and a sensitivity factor S was introduced:
The value of S varies between 0 and 1. The effect of sensitivity factor S on the normalized flow at reference state was shown in (Fig 3B) . To make sure that the shear-dependent mechanism is effective, S was chosen to be 0.036. (Fig 3C) gave the pressure-flow lines without sheardependent response, with linear shear-dependent response and fitted shear-dependent response (S = 0.036).
Model for oxygen transport and metabolic response
Oxygen transport was assumed to occur in arteriolar and capillary segments according to the model proposed by Arciero et al. [14] . For each oxygen-delivering vessel, the Krogh-type cylinder model was used to represent the tissue region to which it is exclusively responsible for supplying oxygen [14] . The width of the tissue sleeve was assumed to be 11.8 μm and kept the same for all oxygen-delivering vessels, resulted in a capillary density of 3000/mm 2 . Conducted metabolic signals (S CR ) were assumed to be ATP concentration dependent and generated in all segments [14] . A detailed description of oxygen transport and metabolic response can be found in reference 14 and related parameter values were given in Table 3 .
Model for zero-flow pressure
Coronary zero-flow pressure (ZFP) is the pressure at zero coronary flow. Extra pressure is required to force the slightly oversized red cells through the small blood vessels, leading to that coronary blood flow would reduce to zeros before the coronary pressure gradient reduces to zeros [25] . In our model, this effect was simply modeled by a pressure-related capillary model. The diameter of the capillary (D) was assumed to be related to the mean pressure of the capillary (P):
where D 0 is the diameter in reference state, P ZFP is the zero-flow pressure. When the mean pressure of capillary is decreasing, the decrease in diameter leads to strong increase in resistance, causing that the coronary blood flow quickly reduces to near zero. The value of P ZFP was chosen to be consistent with the measured "pressure-flow" relation [26] .
Reference state
The reference state for this coronary vascular tree model was chosen to correspond to resting condition. Diameters for four vasoactive segments (in reference state) were specified to consistent with the experimental observations of Kuo et al. [17] . Parameters for each region (the vessel length, the vessel number and the flow rate) were determined by specifying proper wall shear stresses and pressure drops [15] . The pressure drop for upstream vessels was assumed to be 13 mmHg and that for downstream vessels was specified to result in a total perfusion pressure of 100 mmHg in reference state. With the assumption that the vascular network is symmetric (the artery regions have the same number and length as those of the venous regions), the unspecified values of length, diameter, number of vessels and pressure drop can be calculated for each region [15] . Equilibrium is assumed in reference state, and so that T = T total and A = A total . Then, the values of C" tone for each vasoactive compartment can be determined in reference state based on Eqs (1) and (4). The detailed parameters for each segment were shown in Table 4 .
Simulation procedure
A dynamic representation method was employed to approach the steady-state conditions for four vasoactive segments [14] . The mean perfusion pressure varied from 25 to 195 mmHg, in order to predict pressure-flow relationship under the assumption of the proposed model. The corresponding flow through the vessel segments was normalized to its value in reference state. The effect of oxygen demand on auto regulation was investigated. Metabolic dilation for adenosine infusion and inhibition of NO synthesis were also simulated and compared with experimental data, to further validate the proposed model. By inserting a stenosis section in upstream vessel, flow regulation in blocked coronary during moderate exercise condition (M 0 = 30 cm 3 O 2 /(100 cm 3 min)) was also investigated.
Results
In (Fig 4A) , model predictions are compared with experimental data [26] . The pressure-flow relations predicted by the proposed model are consistent with experimental data in rest condition. If the myocardial compression effect was not included, the auto-regulatory range would become narrowed and the predicted flow rate would be much higher than experiment observation at high pressure region. If the model for zero-flow pressure was not included, the predicted flow rate would be much higher than experiment observation at low pressure region. The effect of parameter K on predicted pressure-flow relation was shown in (Fig 4B) . Results clearly showed that the myocardial compressive forces had great impact on coronary auto-regulation effect. A larger value of K represented a larger impact of myocardial compressive forces, which resulted in a larger value of external pressure. The auto-regulatory range would be extended if a larger value of K was employed. To make sure the proposed model gives physiologically coronary pressure-flow relationship, K was set for further analyses to 0.17. Fig 5 (Left) showed model predicted activations and diameters as functions of the mean pressure in four vasoactive segments with and without considering the compressive forces. At a given pressure, the activations for model with the compressive forces were lower than those for model without it. For model with the compressive forces, as the mean pressure increasing, the activation increases for all segments. The SA would be more activity than the downstream segments. Before the full activation is reached in SA, the diameter would decrease with the increasing pressure. But, once the full activation is reached, the diameter would increase with the increasing pressure. Fig 5 (Right) showed the contributions of the response mechanisms to the changes in vascular tone. The compressive force leads to significant decrease in myogenic tone, but has minor impact on shear-dependent and metabolic tone. The myogenic responses played a more important role in upstream segments than those in SAo. As the pressure increases, the metabolic tone decreased more rapidly in downstream segments. The shear-dependent tone would increase with the increasing pressure in all vasoactive segments, but would contribute more in LAo than in other segments.
The effect of oxygen demand on auto-regulation behavior was shown in Fig 6. For a given pressure, the coronary blood flow increases with the increase of oxygen demand. The general shape of auto-regulation curve was preserved, but the auto-regulatory range would be narrowed with the increase of oxygen demand. When the oxygen demand reaches to 45 cm 3 O 2 / (100 cm 3 min), the auto-regulatory behavior is lost.
Adenosine infusion will lead to metabolic dilation in micro-vessels and the responsiveness to adenosine gradually decreases as vessel size increase [17] . Here, metabolic dilation caused by adenosine was simulated by reducing the activations of arterioles to zeros [27] . Inhibition of NO was simulated by setting shear-dependent tone to zeros and reducing the activations of arterioles to zeros [27] . The comparisons between predicted diameter changes and experiment observations were shown in Fig 7. Distal dilation caused by adenosine leads to the increase of flow and decrease of the mean pressure (from 81.5 mmHg to 71.4 mmHg) for SA. Activation of SA was decreased from 0.64 to 0.55, causing that the diameter of SA almost unchanged even with the decreasing mean pressure. Inhibition of NO synthesis leads to a decrease in diameter with increasing activation (from 0.64 to 0.76) for SA. Due to the constriction of SA, the flow increased only 12% of the maximal dilated values. These results were in fair agreement with the observation of Jones et al, that no significant changes in blood flow were found by inhibition of NO synthesis [27] . Fig 8 showed the flow regulation behavior as functions of the diameter of stenosis section. During moderate exercise condition, flow rate began to decrease as the diameter of upstream stenosis section reducing to about 70% of the normal level. Flow rate reduced to about half of the normal level when the diameter of stenosis section reduced to about 25%. Flow regulation behavior was quite different among the four vasoactive segments. During moderate exercise condition, the activation level of arterioles were quite low; the activation of SA was about 0.27 without stenosis and it reduced rapidly as the flow rate began to reduce. IAo had a larger myogenic response and LAo had a larger shear-dependent response. As the flow rate decreased, metabolic responses for these micro-vessels increased rapidly, while the myogenic and sheardependent responses decreased.
Discussion
A theoretical model for coronary blood flow regulation was presented in this paper. Coronary segmental difference in flow regulation mechanism was considered in our model based on previous experimental observations. The impact of myocardial compressive forces on coronary flow auto-regulation behavior was investigated. The predicted pressure-flow curves showed a good agreement with experiment measurements. Adenosine infusion and inhibition of NO synthesis were simulated and the predicted diameter changes in small arteries were in fair agreement with previous observations. The proposed model can be employed to simulate coronary flow regulation in physiological and pathophysiological conditions. Two previous model studies have concentrated on coronary flow regulation [16, 17] . However, both of these two models expressed the myogenic response as a function of intravascular pressure. Carlson et al. proposed a general regulation model in which the myogenic tone is assumed to depend on wall tension. But coronary circulation has some unique aspects and the model cannot be directly employed. Myocardial compressive forces have great impact on coronary flow regulation, but none of these models include this effect. Our proposed model was based on previous "general model", and the compressive forces were considered by using a modified myogenic model. Impact of the compressive forces was investigated and results showed that the compressive forces acting on the vessel wall will extend the auto-regulatory range by decreasing the myogenic tone at the given perfusion pressure. Also, shear-dependent responses for four different coronary segments was fitted with experiment data and incorporated into the proposed model.
The presented model can be employed to investigate the regulation effect in physiological and pathophysiological conditions. Coronary circulation has a good auto-regulation between 60 and 200 mmHg perfusion pressures. In high blood pressure (hypertension) condition, the coronary resistances will increase to maintain the normal flow rate by increasing the activation of vasoactive segments. The increase of myogenic tone contributes much to this regulation behavior. However, this work demonstrated that due to the increase of compressive forces in high blood pressure condition, the changes of myogenic tone might be overestimated. By inserting extra flow resistances in the model tree, the blocked coronary circulation can be easily modeled with proposed model and the modeling approaches can contribute to the understanding of detailed regulation behavior in these blocked conditions. Stenosis in upstream vessel would block coronary flow and this phenomenon would be more pronounced during exercise condition. From results, the regulation behaviors for different micro-vessels were quite different in blocked coronary system during moderate exercise condition. When flow rate decreased, the oxygen demand could not be matched, and this resulted in a rapidly increase of metabolic responses. We have to clarify that this study has some limitations. A highly simplified coronary vascular tree model consisting only 11 representative segments was employed in this study, which excludes the complex structure of arterioles. Our model characterized the overall features of coronary flow regulation, and we did not make a distinction between epicardial and endocardial flow. Compressive force played a more important role in subendocardial flow due to the extra flow resistances generated by contraction. Inserting contraction-induced resistance in current model would be a feasible method to model it. It was proven that the external pressure (intramyocardial pressure) depended on mechanical cross-talk [22] . However, it was difficult to give an accurate expression to describe it due to the lack of experimental data. Thus, in this work, a widely accepted assumption was employed and the external pressure (intramyocardial pressure) was assumed to be based on perfusion pressure. A constant capillary density was assumed in present model. However, with increasing metabolic demand, the number of capillaries containing moving red blood cells would increase (capillary recruitment). Mechanism for capillary recruitment has been unclear and was excluded in this model [28] . Also, diffusive interactions between neighboring vessels were not included by using the simplified oxygen transport model. In this work, the venous regions were assumed to have no vasoactive response and modeled as fixed resistances to blood flow. In reality, the diameter of venous may vary with arterial pressure, but the resistances of these vessels are relatively small compared to the total flow resistance. So the effects of these vessels on auto-regulation were neglected. ZFP was thought to be caused by arteriolar tone and/or tissue pressure surrounding the vasculature [29, 30] . Multiple parallel channels also likely affected ZFP. These made modeling ZFP by a pressure-related capillary model imprecise. However, this work concentrated on coronary flow regulation and the capillary region was assumed to have no vasoactive response. In fact, the capillary and venous regions were included in this model, in order to allow simulation of conducted responses. Thus, this simplification would have less impact on the simulated results. Finally, due to lack of detailed underlying mechanism, the model could only predict results in steady-state condition. The pulsating behavior of coronary flow made coronary circulation a very dynamic one. Heart rate dictated the relative systolic and diastolic cycle time, and further had an effect on pulsating flow, pulsating pressure and pulsating shear stress. The pulsating behavior of coronary flow would have an effect on vascular tone, and should be further investigated.
In conclusion, this paper presented a coronary specific blood flow regulation model. Myogenic, shear-dependent and metabolic responses were involved in this regulation model. Specific aspects for coronary circulation, such as myocardial compressive forces, zero-flow pressure, high capillary density and high basal oxygen consumption, were considered in this model. Segmental difference in flow regulation mechanism was included based on previous experimental observations. The model predictions showed good agreement with experiment data and was proved to have abilities to simulate the regulation of coronary blood flow in physiological and pathophysiological conditions.
